ABSTRACT In this paper, a novel topology of a balanced diplexer is proposed. It is composed of a dualmode structure and two sets of resonators at distinct frequencies. The dual-mode structure has two resonances serving for two three-pole passbands, respectively, in differential mode (DM) and an intrinsic suppression for full stopband in common mode (CM). Thus, it is perfectly suited to design a filtering network in DM, and conserve suppression in CM. In order to obtain two close DM channels and good CM suppression in the meantime, two inner resonators are coupled together via a specific coupling scheme with intrinsic CM suppression to construct it. Two balanced diplexers utilizing the proposed dual-mode structures with varied configurations are proposed, designed, and fabricated, which have well verified the proposed diplexer topology and a design method.
I. INTRODUCTION
Diplexers are often used as a channel separator/combiner in multiservice communication systems. In the meantime, the balanced circuit with high immunity to environmental noise and electromagnetic interference is a potential trend in modern communication systems. Thus, the diplexers of balanced type, including balun diplexers and balanced diplexers, have drawn increasing attentions in the recent years. However, till now, only the balanced diplexers are studied to be compatible with the full-balanced system.
Several balanced diplexers were reportedly designed based on the balanced bandpass filters (B-BPFs) in a few literatures [1] - [6] . In [1] and [2] , the stub-loaded uniform impedance resonators (UIRs) were used to design 2 nd -order balanced diplexers. In [3] , the center-grounded UIRs were used to design a balanced diplexer with favorable common-mode (CM) suppression, where bandstop structures were added on feeding-lines to obtain a wide differential-mode (DM) upper stopband. In [4] , the slotline stepped-impedance resonators were used to design balanced diplexers with high CM suppression. The works in [5] and [6] were basically concentrated on designing dual-band balanced diplexers. All of them were constructed by directly shuntconnecting two B-BPFs having distinct frequencies through T-junctions.
As is well known, in single-ended system, the diplexer based on a dual-mode resonator is preferred than that based on a T-junction. The former one has an easier design procedure, a smaller size, closer channels, and better in-band and out-of-band performances [7] , [8] . We call it the dualmode diplexer in this paper. Unfortunately, the dual-mode diplexer has not yet been reported in balanced type up to now. In this paper, a kind of balanced diplexers based on a novel type of inner-coupled dual-mode structure is proposed. The dual-mode structure has two close resonances serving for two close three-pole passbands respectively in DM and an intrinsic suppression for full stopband in CM. By virtue of the intrinsic CM suppression, designs of these diplexers only need to be concentrated on their DM performances. As a consequence, the balanced diplexers could be successfully designed just following the design procedures of the single-ended diplexers, except for differential feeding schemes. In this paper, two dual-mode balanced diplexers with varied configurations are proposed, designed and fabricated. Good agreements between the predicted and measured results have evidently verified the proposed diplexer topology and design method. Fig. 1(a) shows the typical topology of a third-order balanced diplexer based on T-junction. It is composed of two T-junctions and two B-BPFs at distinct frequencies. The T-junctions are used as the matching networks to connect two filters with the common balanced ports 1 and 1'. Two B-BPFs are used to filter out the signals within the uplink and downlink frequency bands in DM while suppressing the CM signal. Fig. 1(b) shows the proposed topology of a third-order balanced diplexer based on the dual-mode structure. It is composed of one dual-mode structure and two sets of resonators at distinct frequencies. Herein, the proposed dual-mode structure produces two resonances at the center frequencies of the uplink and downlink channels in DM respectively, while displaying an intrinsic suppression property in CM. Two sets of resonators are used to construct the filtering networks for two respective channels in DM together with the dual-mode structure. From the topology diagram, it is apparent that the proposed balanced diplexer is similar with the single-ended diplexer based on dual-mode resonator rather than T-junction in terms of its topology. Thus, the proposed balanced diplexer is absolutely different from those published in the literatures [1] , [6] . The advantages of the proposed balanced diplexer topology over the published ones are summarized: (1) Under the dual-resonant property of the proposed dual-mode structure, the bulky T-junction matching networks can be taken out and, additionally, the diplexer is constructed with two resonators less; (2) Under its intrinsic CM suppression, the CM performance of the designed diplexer need not to be considered throughout its design.
II. DIPLEXER TOPOLOGY
In this work, the key component in the proposed diplexer is the dual-mode structure. Fig. 2 shows its inner topology. In order to obtain two close DM channels and good CM suppression at the meantime, two resonators are coupled together via a specific coupling scheme with intrinsic CM suppression to construct it. Thus, DM dual-resonance is obtained from two coupled resonators and CM suppression is achieved by their coupling scheme. As previously reported, the magnetic coupling scheme [9] and the microstrip-slotline (ML-SL) orthogonal coupling scheme [10] , [11] have been demonstrated to possess the intrinsic CM rejection, so they are employed to construct the two dual-mode structures, namely, Dual-Mode Structure 1 and Dual-Mode Structure 2. Fig. 3(a) shows the schematic of Dual-Mode Structure 1 using magnetic coupling scheme under weak excitation. Two λ g /2 resonators at 2.1 GHz are coupled via magnetic coupling to construct this structure. Differential ports 1 & 1' are located at two sides of the first resonator and ports 2& 2' are located at two sides of the other resonator in a balanced filter. Since its configuration is symmetrical in geometry, perfect electric-/magnetic-wall can be well established under DM/CM operation at the symmetry plane. However, in this design, the dual-mode structure is unsymmetrically linked with other resonators, so we also investigate the unbalanced situation where port 2 is a single-ended port as shown in Fig. 3(a) . which is measured or simulated when all the balanced ports in the structure are excited under DM/CM operation. From Fig. 3(b) , it is obvious that the unbalanced structure has very similar performance to the balanced one, apart from minor discrepancy in magnitude caused by the different external Q-factors with use of different feeding schemes. Comparing two curves in Fig. 3(b) , on one hand, the intrinsic CM suppression property is reserved in the unbalanced situation; on the other hand, two DM resonances are generated quasi-symmetrically at the upper and lower sides of the center frequency of the resonator, respectively. As a result, DualMode Structure 1 is a good dual-mode candidate attaining intrinsic CM suppression. Fig. 4 (a) depicts the schematic of Dual-Mode Structure 2 using ML-SL orthogonal coupling scheme under weak excitation. The coupling between ML and SL is caused by the voltage transfer at their interacting area, which is denoted as a voltage transformer. Thus, the voltage distribution in the slotline under DM operation is further plotted herein to demonstrate its working mechanism. Two λ g /2 resonators at 2.1 GHz in the distinct ML and SL format are coupled orthogonally to construct the dual-mode structure. When the feeding-lines are added as shown in Fig. 4 (a), the voltage in the slotline branches have the in-phase/out-of-phase property under DM/CM operation, resulting in non-zero/zero voltage in SL at the intersection. Thus the DM signal with nonzero voltage can excite the ML successfully, whereas the CM signal is intrinsically rejected. , and it confirms that this proposed structure has both the DM dual-resonance and CM suppression. Slightly different with Dual-mode Structure 1, the two resonances of Dual-mode Structure 2 are not well symmetrical with respect to the center frequency of the resonator. The deviation is primarily brought in by the parasitic effect in the practical coupling scheme, and it could be complemented by appropriately tuning the lengths of these two resonators. The CM rejection is gained from the ML-SL orthogonal coupling scheme, and it reaches as high as 100 dB within the observing scope. As a result, Dual-Mode Structure 2 is a good instance as well with intrinsic CM suppression.
After the frameworks of two proposed dual-mode structures are proposed and theirs properties are demonstrated, they are applied to design and explore two dual-mode balanced diplexers as will be described in the following section.
III. DIPLEXER DESIGN
In this section, design method of these two balanced diplexers utilizing different dual-mode structures is demonstrated. By virtue of the proposed dual-mode blocks with intrinsic CM suppression, the CM transmission properties of the diplexers do not need to be considered at all throughout the design. Thus, the resultant design method is similar to that used in the traditional single-ended design [7] , expect for differential feeding schemes. The relevant design procedure can be summarized as below. First, the dual-mode block is designed with proper physical dimensions to generate two resonances at expected center frequencies of two channels in DM; second, λ g /2 resonators are coupled one by one whose positions are determined by the required coupling coefficients; third, the differential feeding schemes are determined according to the required DM external Q-factors; and finally, slight optimization on the entire circuit layout is executed to obtain a satisfactory performance.
A. BALANCED DIPLEXERS 1 UTILIZING DUAL-MODE STRUCTURE 1
The physical layout of Balanced Diplexer 1 is displayed in Fig. 5(a) . The diplexer is designed on the substrate with dielectric constant ε r = 10.7, loss tangent tanδ = 0.0023 and height h = 0.635 mm. Its two channels are expected to be located at f o1 = 1.90 GHz and f o2 = 2.30 GHz with fractional bandwidths FBW 1 = 6.0% and FBW 2 = 5.0%. = 17.03. Herein, M stands for DM coupling coefficient and QE stands for DM external Q-factor, which are commonly used parameters in filtering network synthesis. This 3 rd -order diplexer is formed by connecting two sets of 2 nd -order coupled resonators with a common dual-mode structure. The first step is to determine the exact dimensions of Dual-Mode Structure 1. It should be designed to generate two DM resonant modes at 1.90 and 2.30 GHz, respectively. According to the analysis in Section II, two modes of the structure are almost symmetrically at two sides of the center frequency of its inner resonators, thus the inner resonators can be initially chosen as λ g /2 resonators at (1.90 + 2.30)/2 = 2.10 GHz. Afterwards, full-wave simulation is implemented on the dual-mode structure with weak excitation as shown in Fig. 3 under different values of coupling gap s between two inner resonators. In this step, the coupling length Ls is fixed as 10.80 mm. The full-wave simulator ADS Momentum is used for design in this work. Fig. 6 displays the simulated resonant frequencies with respect to s. From the figure, the smaller s is, the further the resonant frequencies separated. After slight tuning process is undergone, the inner resonators are determined as 0.30 mm in width and 28.0 mm in length and the appropriate s leading to the desired resonating frequencies is found to be 0.23 mm.
After Dual-Mode Structure 1 is determined, two sets of λ g /2 resonators are added to construct the filtering networks working at distinct frequencies. First of all, it should be noted that the loading effect between two channels is too small to scheme on R 2 in each branch is the exactly same as the design procedure of the balanced filter in [9] by numerically extracting the DM external Q-factor from the simulated DM S 11 of the resonator with its feeding scheme. However, a proper feeding scheme should be found on Dual-Mode Structure 1 so as to match the required QE I and QE II in two desired channels simultaneously. Herein, a three-line coupling scheme is utilized at the common ports 1 and 1'. QE I and QE II of the dual-mode structure are extracted through the computation on DM S 11 of the structure in the inset in Fig. 8(a) . The variations of QE I and QE II with respect to coupling length L g under different values of coupling gap g are plotted in Fig. 8 . Obviously, the DM external Q-factors vary with respect to L g or g. Moreover, the variable ranges of these DM external Q-factors are primarily restricted by g. In design, the theoretical value of QE I is calculated as 14.19. Thus we should use g with a value near 0.20 mm, because QE I = 14.19 is out of scope if g = 0.3 or 0.4mm is used. After the rough value of g = 0.20mm is chosen, Fig. 8(b) displays the extracted QE I and QE II with respect to L g when g is varied near 0.20 mm. It is found that different sets of g and L g , as marked as Point A, B and C, could be used to realize the required QE I of 14.19 but obtain different values of QE II . Finally, L g = 9.20 mm and g = 0.21 mm are decided to match the required QE I and QE II simultaneously in this procedure.
In the end, the final design is constructed, simulated and finely optimized. Its final dimensions are tabulated in Table 1 . A fabricated prototype has been measured by Agilent N5244A vector network analyzer (VNA). The simulated and measured S-parameters are plotted in Fig. 9 for both DM and CM excitations. They agree well with each other.
For the DM response, the simulated results have three transmission poles in each passband, even though they are not obvious enough. The measured (simulated) lower passband is centered at 1.87 (1.90) GHz with 3-dB passband of 1.78-1.96 (1.82-1.99) GHz, and the measured (simulated) minimum inband insertion loss is 1.56 (1.93) dB. Meanwhile, the measured (simulated) upper passband is centered at 2.26 (2.28) GHz with 3-dB passband of 2.15-2.35 (2.18-2.36) GHz, and the measured (simulated) minimum in-band insertion loss is 2.05 (2.27) dB. The DM isolation between the two passbands is measured (simulated) as more than 25.07 (25.88) dB. The DM upper stopband is extended to 6.52 GHz in measurement, which is 3.49 times of f o1 , indicating the suppression higher than 20 dB. For the CM response, the measured minimum insertion losses within the lower and upper channels are 57.0 dB and 54.4 dB, respectively. The CM suppression in this proposed balanced diplexer without any effort can be comparable with or even better than that of other balanced circuits. 
B. BALANCED DIPLEXERS 2 UTILIZING DUAL-MODE STRUCTURE 2
In this subsection, we would like to demonstrate the design of Balanced Diplexers 2 utilizing Dual-Mode Structure 2. The physical layout of Balanced Diplexer 2 is displayed in Fig. 10(a) and its detailed topology is shown in Fig. 10(b) . The diplexer is designed on the same substrate as in Section III. A. Its two channels are expected to be located at f o1 = 1.80 GHz and f o2 = 2.40 GHz with fractional bandwidths FBW 1 = 9.5% and FBW 2 = 7.5%. As an example, the 3-order Chebyshev response with in-band return loss (RL) of 20 dB is considered as well. For such response, the theoretical parameters denoted in Fig. 10 35. The first step is to determine the exact dimensions of DualMode Structure 2. It should be designed to generate two DM modes at 1.80 GHz and 2.40 GHz. According to the analysis in Section II, its two modes appear at two sides of the center frequency of its inner resonators. Thus the two inner resonators are initially chosen as λ g /2 resonators at (1.80+2.4)/2 = 2.10 GHz. Afterwards, full-wave simulation is executed on the dual-mode structure with weak excitation as shown in Fig. 4 under different stub lengths s, because s controls the coupling strength between two inner resonators. Fig. 11 shows the simulated resonant frequencies as a function of s. The resonant modes are further separated, when s are lengthened. s = 3.50 mm is finally chosen to generate the desired modes with optimized inner resonators.
After Dual-Mode Structure 2 is determined, two sets of resonators are added to construct filtering networks working at distinct frequencies. This step is implemented following that in Section III.A. As the loading effect between two channels is negligible, the two channels can be designed independently. Relative positions between resonators are similarly determined as before by the required coefficients, which will not be repeated here. The final coupling lengths and coupling VOLUME 5, 2017 Next, three sets of differential input/output coupling schemes are added on R 2 in the first channel, R 2 in the second channel, and the dual-mode structure in succession. In this diplexer, a tapped feeding scheme is used for the lower channel to achieve sufficient coupling strength instead of parallel coupling scheme. The design method for feeding schemes in two branches can be implemented following [9] . Herein, only the design of feeding scheme on Dual-mode Structure 2 is discussed. The inset in Fig. 12(a) shows the Dual-mode Structure 2 with its feeding scheme for extraction of DM external Q-factors. QE I and QE II are extracted through computation on DM S 11 . The variations of QE I and QE II with respect to coupling stub length L g under different values of coupling position g are plotted in Fig. 12(a) . It can be seen that this coupling scheme is analogous to the three-line coupling scheme in Section III. A. QE I and QE II vary with respect to L g or g, and their variable ranges are limited by g as well. According to the required value of QE I = 8.96, the rough value of g = 4.50 mm is chosen at first. Next, Fig. 12(b) is plotted to show the relations between DM external Q-factors and physical parameters of the feeding scheme when g is near 4.50 mm. Different sets of L g and g can obtain the required QE I and different values of QE II , as marked as Point A, B and C. Finally, the feeding scheme with L g = 7.30 mm and g = 4.50 mm is determined in this step. In the end, the final design is attained after fine optimization with its dimensions as listed in Table 2 . A fabricated prototype has been measured. The simulated and measured S-parameters are plotted in Fig. 13 for both DM and CM excitations. They agree well with each other.
For the DM response, the simulated results have three obvious transmission poles in each passband. The measured (simulated) lower passband is centered at 1.78 (1.80) GHz with 3-dB passband of 1.62-1.96 (1.66-1.94) GHz, and the measured (simulated) minimum in-band insertion loss is 1.18 (1.24) dB. Meanwhile, the measured (simulated) upper passband is centered at 2.35 (2.39) GHz with 3-dB passband of 2.20-2.49 (2.25-2.52) GHz, and the measured (simulated) minimum insertion loss is 1.97 (1.70) dB. The DM isolation between the two passbands is measured (simulated) as more than 15.81 (19.17) dB. The DM upper stopband is extended to 5.35 GHz in measurement, which is 3.0 times of f o1 , exhibiting suppression higher than 20 dB. For the CM response, the measured (simulated) minimum insertion losses within the lower and upper channels are 45.69 and 61.13 dB, respectively. A comparison with other state-of-art balanced diplexers is given in Table 3 . Form the Table, we can read the proposed diplexers could have higher filter orders, lower center frequency ratios, larger FBWs, and higher CM suppression, compared with most reported balanced diplexers.
IV. CONCLUSION
Both circuit topology and design procedure of a kind of balanced diplexer based on inner-coupled dual-mode structure are demonstrated in this paper. The proposed dual-mode structure possesses both the DM dual-resonance and intrinsic CM suppression, and it is precisely what is needed to construct the balanced diplexer with advanced functionalities. The inner coupled configuration is perfect suit for diplexer design in which two channels are usually required to be close enough. For verification, two dual-mode structures utilizing the magnetic coupling scheme and ML-SL orthogonal coupling scheme are analyzed and further used to design these balanced diplexers. The simulated & measured results of the diplexers (including three in-band transmission poles, close and controllable center frequencies, favorable and intrinsic CM suppression, and wide stopband) and their good agreement have well validated our design ideology and design methodology. 
